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This study experimentally quantified the structure-property relations with respect
to fatigue of an extruded AZ61 magnesium alloy and captured the behavior with a
microstructure-sensitive MultiStage Fatigue Model. Experiments were conducted in the
extruded and transverse directions under low and high cycle strain control fatigue
conditions.

The cyclic behavior of this alloy displayed varying degrees of cyclic

hardening depending on the strain amplitude and the specimen orientation. The fracture
surfaces of the fatigued specimens were analyzed using a scanning electron microscope
in order to quantify structure-property relations with respect to microstructural features.
Correlations between particle size, nearest neighbor distance, and grain size as a function
of failure cycles were quantified. Finally, a multistage fatigue model based on the
structure-property relations quantified in this study was employed to capture the
anisotropic fatigue damage of the AZ61 magnesium alloy.
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CHAPTER I
INTRODUCTION

Given the recent push for energy efficient design, interest in magnesium alloys for
automotive structural applications has greatly expanded in recent years. This heightened
interest has pushed the materials community to investigate not only cast magnesium but
also wrought products for their high strength-to-weight ratio and fatigue resistance. As
these wrought products begin to take hold in the automotive community, the need to
quantify and make high integrity fatigue predictions of the material performance is of
increased importance.
Limited work has been performed recently towards characterizing wrought
magnesium cyclic behavior. Cyclic experiments involving extruded AM30, AZ31B, and
AZ31 magnesium alloys have been employed to characterize the cyclic response of these
materials. These materials were found to have strong cyclic hardening characteristics. In
addition, with an increase in total strain amplitude, both plastic strain amplitude and
mean stress increased for these alloys. Furthermore, the well known Coffin-Manson law
and Basquin’s equation were found to correlate with the experimental fatigue results of
these alloys quite well [Begum et al, 2008; 2009a; 2009b; Lin, 2008a; 2008b; Hasegawa
et al, 2007; Xue et al, 2009].
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The current body of literature on fatigue of wrought magnesium alloys suggests
that the mechanisms of fatigue damage evolution are consistent with the well established
stages of fatigue for steel and aluminum alloys [Suresh, 1998]: incubation,
microstructurally small crack growth; physically small crack growth; and long crack
growth.

Much like wrought aluminum alloys, inclusions can cause fatigue crack

incubation in extruded magnesium alloys [Bernard et al, 2010]. Other studies [Begum et
al, 2008; 2009a; 2009b; Lin, 2008a; 2008b; Hasegawa et al, 2007] on fatigue of wrought
magnesium alloys did not explicitly report on the sources of fatigue incubation.
However, persistent slip bands and grain boundaries are also thought to be sources of
fatigue initiation [Gall et al, 2004a,b; 2005; Lin, 2008a; Begum et al, 2009a; 2009b;
2008]. The mechanisms of twinning on fatigue incubation are unclear, but this is an area
of research interest. A small level of interest has been shown to the issue of small crack
fatigue in wrought magnesium alloys. The inapplicability of the well established linear
elastic fracture mechanics (LEFM) parameters (i.e., stress intensity factors) to
characterize the growth of fatigue cracks on the order of microns in length is established
in wrought magnesium alloys [Tokaji et al., 2004, Sajuri et al., 2006]. On the other hand,
fatigue cracks on the order of millimeters in length and larger are characterized
adequately by LEFM parameters [McDowell et al., 2003]. The transition from “small”
crack growth to long crack growth has not been established for extruded magnesium
alloys. However, the small crack region for cast magnesium alloys appears to be in the
range of 60-100 µm [Gall et al., 2004b], which is six to ten times the dendrite cell size.
In regards to the effect of texture on fatigue life in magnesium alloys, the
crystallographic orientation appears to have some influence on final failure [Bernard et
2

al, 2010; Sajuri et al., 2006]. Work on other HCP metals was performed on titanium
alloys to capture the effects of texture on the fatigue properties [Bache et al, 1998;
Whittaker et al, 2009]. Rolling or extruding processes induce strong anisotropy in metals
due to preferred crystallographic orientation. This crystallographic orientation has a large
effect on twinning and slip in the HCP, therefore affecting the material cyclic behavior.
Like the titanium alloys, the effects of texture in wrought magnesium alloys were found
to be very important in the cyclic response [Bernard et al, 2010; Chamos et al, 2008;
Sajuri et al., 2006].
The purpose of this paper is to experimentally quantify the fatigue behavior and
the structure-property of an extruded AZ61 magnesium alloy.

In addition, a

microstructurally-sensitive fatigue model has been developed for wrought alloys based on
the experimental results and observations presented here. This model, the MultiStage
Fatigue (MSF) model, first proposed by McDowell et al. [2003], captures the effects of
microstructural features as reflected in the incubation and growth stages for both low
cycle fatigue (LCF) and high cycle fatigue (HCF). The MSF model was first developed
for cast aluminum alloys and was employed to predict the fatigue performance based
variation in porosity, grain size, dendrite cell size, and inclusion size and type. The model
was later extended to cast magnesium by capturing the network of porosity for AE44
[Xue et al., 2007c], AM50 [El Kadiri et al., 2006], and AZ91[Horstemeyer et al., 2004],
and was based upon the in-situ, scanning electron microscope (SEM) small crack analysis
[Gall et al., 2004a; 2004b; 2005]. The MSF model was further modified to predict
fatigue life in a high strength wrought aluminum alloy by capturing the fatigue crack
incubation and growth resulting from iron rich intermetallic particles [ Xue et al., 2007b;
3

2007d; 2010b]. These modeling efforts on the wrought aluminum alloy specifically
addressed local constrained cyclic microplasticity and crystallographic orientation [Xue
et al., 2007d]. This updated model has also been used for fatigue life predictions of Laser
Engineered Net Shaping (LENS) processed steel [Xue et al., 2010a], for A356 and A380F aluminum alloys [Jordon et al., 2010; Xue et al., 2007a].
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CHAPTER II
MATERIAL AND EXPERIMENTS

Material and Specimens
The material used in the study is an extruded AZ61 magnesium alloy. The asreceived air-quenched extruded alloy is in the form of an automotive crash rail with the
cross-section shown in Figure 1a. The crash rail was extruded at an average temperature
of 500 ºC and an extrusion exit speed of 4 ft/min. The weight percent composition of the
AZ61 magnesium alloy is given in Table 1. The as-received material was examined with
an optical microscope to quantify the initial microstructure in both a transverse material
orientation and an extrusion or longitudinal orientation. X-ray diffraction (XRD) was
also performed to quantify texture of the as-received material.
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Figure 1 (a) Geometry of the as-received, extruded AZ61 magnesium alloy crash rail.
(b) Longitudinal and (c) transverse specimen layout on the crash rail.
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Table 1 Chemical composition of the extruded AZ61 magnesium alloy.
Al

Zn

Mn

Fe

Ni

Cu

Si

6

0.72

0.33

0.003

<0.001

<0.01

<0.01

Mg
Bal.

Rectangular cross-section tensile specimens were machined from the extrusion in
the transverse and longitudinal orientations to capture the crystallographic orientation as
shown in Figure 1b and 1c. The specimens were designed from a scaled ASTM-E8
standard to accommodate the size of the extrudate. The nominal specimens had a 15 mm
gage length with a width of 4.35 mm and an as-extruded thickness of 2.5 mm. This
design was used for both quasi-static and cyclic tests with the exception that the
specimens used for cyclic loads were hand-ground with silicon carbide paper to remove
residual stresses and to reduce the machining surface finish effects, which affect the
fatigue characteristics.

Monotonic Loading
Monotonic tensile tests were performed using an MTS servo-hydraulic load frame
with a capacity of 25 kN. Flat tensile specimens, previously mentioned, were tested in
both the longitudinal and transverse orientations in strain control at a rate of 0.01/s in an
ambient laboratory environment.
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Fatigue
Fully reversed cyclic tests were also performed on a 25 kN Servo-hydraulic MTS
load frame in an ambient laboratory environment with relative humidity level of 45%.
The fatigue specimens were tested to failure (50% load drop) for both transverse and
longitudinal orientations under strain-controlled conditions at 5 Hz and the following
strain amplitudes: 0.3%, 0.4%, 0.5%, and 0.6%. The specimens tested at 0.2% and
0.275% strain amplitudes were fatigued at 5 Hz to 10,000 cycles and then the tests were
stopped and resumed in load control at 30 Hz to failure.

Fractography
Fracture surfaces from the fatigued specimens were mounted and Au-Pl sputtercoated to improve imaging quality. The surfaces were then examined in a scanning
electron microscope to determine sources of fatigue crack incubation as well as determine
regions of small and long crack growth stages. Additionally, chemical analysis was used
to determine the composition of areas of interest on the fracture surfaces.
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CHAPTER III
MULTISTAGE FATIGUE (MSF) MODEL

The MSF model used in this research comprises three distinct regimes: crack
incubation, microstructurally small crack (MSC) and physically small crack (PSC)
growth, and long crack (LC) growth as shown in Eq. (1).
.

/

(3-1)

Incubation
In general, the fatigue damage incubation life, Ninc is evaluated using a damage
parameter, , in a modified Coffin-Manson law at the microscale,
,

(3-2)

where  is the nonlocal damage parameter around an inclusion, and

and α are the

linear and exponential coefficients in the modified Coffin-Manson law for incubation.
The damage parameter relates to the local average maximum plastic shear strain
amplitude and can be estimated by the following:
∆

∆

,
1

,
,

9

(3-3)
.

(3-4)

Here,  a is the remote applied strain amplitude, and

and

were introduced by

McDowell et al. [2003] and Xue et al. [2007b, 2007c, 2007d, 2010] to represent the
strain threshold for damage incubation and the percolation limits for microplasticity,
respectively. D is the size of the pertinent inclusion at which incubates a fatigue crack,
and l is the nominal linear dimension of the plastic zone size in front of the inclusion.
The ratio

is defined as the square root of the ratio of the plastic zone area over the

inclusion area.

The limiting ratio,

, indicates the transition from proportional

(constrained) micronotch root plasticity to nonlinear (unconstrained) micronotch root
plasticity with respect to the applied strain amplitude, where

0.3 is suitable for

cast Al alloys [McDowell et al., 2003]. The parameter Y is correlated as

1

, where R is the load ratio, and y1 and y2 are model constants. For completely
reversed loading cases,

. Furthermore, when

is revised to include the geometric effects

1

reaches its limits, the parameter Y
. The debonded particle and

pore of the same size may cause different Y as a factor of three or greater [Gall et al.,
2000]. The correlation of the plastic zone size is calculated using the nonlocal plastic
shear strain with respect to the remote loading strain amplitude,
,
1

1

,
,

(3-5)
,

(3-6)

where r is a shape constant for the transition to the limited plasticity [Hayhurst et al.,
1985].
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Small Crack
The MSC growth is governed by the range of crack tip displacement, ∆

,

which is proportional to the crack length, and the nth power of the applied stress
amplitude,

, in the HCF regime and to the macroscopic plastic shear strain range in

the LCF regime; i.e.,
∆
∆

∆

,

0.625

(3-7)

∆

∆

.

3‐8

Here, χ s a constant for a given microstructure, typically less than unity and
usually taken as 0.32 for aluminum alloys [Xue et al., 2007d]. CI and CII are material
dependent parameters which capture the microstructural effects on MSC growth. We
assign the threshold value for crack tip displacement on the order of the Burger’s vector
for the Mg rich matrix [Groh, 2009] , ∆

3.2 10

.

A long crack growth stage of the MSF model has historically followed classical
LEFM approaches [ Xue et al. 2007d; Jordon et al., 2010]. However, the modeling
approach presented here is focused on incubation and MSC regimes. This approach is
consistent with observation that the formulation for MSC can characterize fatigue cracks
up to several millimeters in length. Also, since Gall et al. [2004b] noted that the MSC
regime transitioned to the long crack regime on the order of 6 - 10 times the grain size,
we would expect in our experiments and modeling that the transition would occur on the
order of 300-500 microns since the grain size was approximately 50 microns. Table 2
shows the model constants used to correlate the MSF to the experimental fully reversed
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uniaxial strain life results for the extruded AZ61 magnesium alloy in the longitudinal and
transverse directions.

Table 2 MSF Parameters for extruded AZ61 magnesium alloy.
Value
7.0
-0.66
0.16
3.2x10
0.3
3.0x10
0.08
2
0.2
2
0.5
2.367
140
0
0

Property
α
C
CTD

µm

χ
CI µm
CII µm
ω
z
q
θ
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CHAPTER IV
RESULTS AND DISCUSSION

Microstructure
The longitudinal orientation was found to have equiaxed grains averaging 37.3
µm, an average particle size of 8.4 µm, an average nearest neighbor distance of 88.5 µm,
and a particle area fraction of 0.038 (Figure 2a). The transverse orientation was found to
also have equiaxed grains that averaged 48.4 µm, particles that averaged 9.4 µm, a
nearest neighbor distance of 104.7 µm, and a particle area fraction of 0.034 (Figure 2b).
EDAX chemical analysis of the particles indicates that these particles are Al-Mn based.
Pole figures of the longitudinal and transverse orientation from XRD results are shown in
Figure 3. The results shown in Figure 3 suggest that the AZ61 magnesium alloys are not
strongly textured; however, the basal plane is aligned with the longitudinal direction. For
further analysis, the comparison of the calculated average Taylor factor for both
orientations were made, where the longitudinal direction had an average calculated
Taylor value of 2.07 and the transverse direction had an average calculated Taylor value
of 2.04. The slight difference in grain size and Taylor factor of both orientations are
attributed to the slow extrusion rate that accommodates recrystallization.
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(a)

(b)

Figure 2 Optical micrographs of as-received extruded AZ61 magnesium alloy polished
and etched: (a) longitudinal material orientation with a 37.3µm average grain
size (GS), a 8.4µm average particle size (PS), a 0.038 particle area fraction,
and a 88.5µm average nearest neighbor distance (NND). (b) Transverse
material orientation with a 48.4µm GS, a 9.4µm PS, a 0.034 particle area
fraction, and a 104.7µm NND.
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Figure 3 Pole figures of the longitudinal orientation calculated from X-ray diffraction
for an AZ61 magnesium alloy. The calculated Taylor factors are 2.04 for the
transverse orientation and 2.07 for the longitudinal orientation.

Monotonic Tensile Behavior
Figure 4 shows the tensile stress-strain behavior comparing the longitudinal and
transverse directions. The two orientations exhibited different yield strengths, hardening
rates, and ultimate strengths that are consistent with tensile loading parallel and
perpendicular to the basal plane. Specifically, the yield for the AZ61 magnesium alloy in
the longitudinal direction was approximately 180 MPa and is slightly different compared
to the yield strengths of this same alloy reported elsewhere [ Chamos et al., 2008; Sajuri
et al., 2006]. These differences could be attributed to the texture, grain size, and the
residual stress differences from variation in extrusion processes. Figure 4 also shows that
the transverse yield stress was approximately 85 MPa, about 50% that of the longitudinal
value.

The transverse orientation has a crystallographic orientation, which is more

favorable to twinning as compared to slip in the longitudinal orientation (Figure 3). The
15

work hardening rate of the transverse direction is greater to the extent that a higher
ultimate strength is achieved compared to the longitudinal direction.

The ultimate

strength for the longitudinal direction (280 MPa) is lower than the transverse direction
(320 MPa) due to twinning and dislocation interactions affecting the work hardening rate
that arose from the texture and grain size effects [El Kadiri et al., 2010]. The elongation
to failure was approximately 6% for the longitudinal direction and 7% for the transverse
direction.

Figure 4 Tensile stress versus strain behavior for an extruded AZ61 magnesium alloy in
the transverse and longitudinal material orientations.
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Hysteresis and Stress Response
Figure 5 shows the first cycle hysteresis loops for the longitudinal and transverse
orientations. The increasing presence of twinning in the first cycles of fatigue loading as
the total applied strain amplitude increased was observed for the 0.4% (Figure 5b) and
0.6% (Figure 5c) strain amplitudes. Twinning can accommodate deformation without an
increase in stress [Christian, 1995], which causes the hysteresis loop to have an
asymmetric sigmoidal shape to varying degrees in either compression or tension
depending on the orientation. A first cycle hysteresis loop for a total applied strain
amplitude of 0.2% had a very symmetrical hysteresis loop for both specimen orientations
(Figure 5a) while the first cycle hysteresis loop for a total applied strain amplitude of
0.6% had an asymmetric sigmoidal cyclic stress-strain response in tension for the
transverse orientation and in compression for the longitudinal specimen orientation due to
twin deformation accommodation (Figure 5c). In Figure 6 at half lifetime, the twinning
accommodation was exhausted and slip was activated to allow deformation.
Figure 7 shows the stress amplitude for the longitudinal and transverse
orientations versus number of cycles. As the slip becomes the primary deformation
mechanism, dislocations begin to pile-up and the material shows a strong hardening
response with increased total applied strain amplitude for both orientations as shown in
Figure 7a and 7b. This strong observable cyclic hardening is due to the increased plastic
strain [Begum et al., 2008; 2009a; Lin, 2008a; 2008b] as illustrated in the width of the
hysteresis loop in Figures 6a and 6b. As the applied strain amplitude decreases, the
plastic strain amplitude decreases which in turn diminishes twinning and cyclic hardening
alike [El Kadiri et al., 2010].
17

The mean stress versus cycles to failure for both the longitudinal and transverse
orientation is shown in Figure 8a and 8b, respectively. Deformation accommodation by
twinning is evident by the dip or reduction in mean stress as shown in Figure 8a and 8b
and is consistent with experimental observations on other magnesium alloys [Begum et
al., 2008; 2009a; Lin, 2008a; 2008b]. This reduction in mean stress is more prevalent in
the higher applied strain amplitudes and is less prevalent for the lower amplitudes. Thus,
twinning is dominant in the stress response such that the mean stress values below the
cyclic yield stress gives a positive value but above the cyclic yield stress gives a negative
mean stress value.

18

(a)

(b)

Figure 5 First and half-life cycle hysteresis loops for AZ61 magnesium alloy in the
longitudinal and transverse directions with an applied strain amplitude of (a)
0.2%, (b) 0.4%, and (c) 0.6%. Note the stress asymmetry and change in
character in the stress-strain response in the 0.4% and 0.6% applied strain
amplitudes due to the twinning; these test strain amplitudes were above the
cyclic yield stress.
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(c)

Figure 5 (continued)

20

(a)

(b)

Figure 6 Half-life hysteresis loops at different applied strain amplitudes for AZ61
magnesium alloy in the (a) longitudinal and (b) transverse orientations.
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(a)

(b)

Figure 7 Stress amplitude versus number of cycles for varying applied total strain
amplitude of (a) longitudinal and (b) transverse oriented extruded AZ61
magnesium alloy.
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(a)

(b)

Figure 8 Mean stress versus number of cycles for varying applied total strain amplitude
of (a) longitudinal and (b) transverse oriented extruded AZ61 magnesium
alloy.
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The differences in the hysteresis response of the longitudinal and transverse
orientations arise because of the texture as illustrated in the pole figures in Figure 3,
which show the basal planes of the HCP unit cell to be mostly oriented perpendicular to
the transverse specimen orientation. This configuration deactivates basal slip and tensile
deformation must be accommodated by a combination of prismatic slip and twinning
when a tensile load is applied to the transverse orientation and only by prismatic slip in
compression. Conversely, deformation in the longitudinal orientation must be
accommodated by only basal slip in tension and a combination of basal slip and twinning
in compression which induces a tensile load on the c-axis of the unit cell. Thus, the
twinning and detwinning mechanisms linked to the loading direction, relative to basal
plane, produce the dissimilar stress-strain response.

Fractography
Extensive fractography was performed on the fatigue fracture surfaces using an
SEM to quantify particle sizes that initiated fatigue cracks and the composition of the
particles. Fractured particles near the free surface of the specimen were found to be the
sites of initiation on most fracture surfaces as shown in Figure 9. Chemical analysis was
performed on these particles, and they were found to be Al-Mn based. These particles on
the longitudinally oriented specimens had an average equivalent size (derived from the
square root of the particle area) of 8.4 µm and a 9.4 µm for the transverse orientation.
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Figure 9 Fracture surface of an extruded AZ61 magnesium alloy longitudinally oriented
specimen tested at 0.3% strain amplitude. The scale bar magnitudes from left to
right are 1 mm, 200 µm, 100 µm, 20 µm, and 2 µm. Note the twinning on the
surface and the particle of initiation (90µm).

SEM fractography conducted in this study resulted in characterization of the
distinct stages of fatigue damage: incubation, MSC/PSC, and LC as shown in Figure 10.
For low cycle fatigue, the first few hundred cycles of fatigue loading results in particle
fracture, which in turn results in incubation of the fatigue crack. The number of cycles
for incubation of fatigue cracks is estimated to be approximately 30% based on Bernard
et al [2010]. SEM analysis of the fracture surfaces showed that a particle near the surface
fractured and no debonding was observed. Next, based on comparative textural roughness
of the fracture surfaces, the transition from MSC/PSC to long crack growth was estimated
to be approximately 1 mm for both the longitudinal and transverse orientation. Due to
the small size of the fatigue specimens, the LC growth was considered to comprise a very

25

small amount of the total life and as such is not included in the modeling portion of this
work.

Figure 10 Typical fracture surface of an extruded AZ61 magnesium alloy highlighting
the stages of fatigue damage: incubation, microstructurally small crack
(MSC), physically small crack (PSC), long crack (LC), and final fracture.
A distribution of the particle responsible for initiating the fatigue cracks found on
the fracture surfaces is shown in Figure 11. The distribution shows that the particles
which resulted in initiating fatigue cracks are larger than the average particle size. An
attempt was made to correlate the particle size responsible for incubating the dominate
crack to the number of cycles to failure. For further analsysis, Figure 12 shows the cycles
to failure versus the critical particle size. While the scatter is larger, the overall trend
shows that the size of the particle that initiated the fatigue crack is proportionate to
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fatigue life. The negative slope of this data suggests that the larger the particle, the
shorter the fatigue life, and is consistent with experimental observations on a similar
magnesium alloy [Bernard et al, 2010].

Figure 11 Particle size distribution of fractured particles on fatigue fracture surfaces
believed to be sites of initiation in extruded AZ61 magnesium alloy.
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Figure 12 Typical equivalent particle size versus cycles to failure for an extruded AZ61
magnesium alloy with a 0.4% strain amplitude.

Model Correlations
Figure 13 shows the correlations of the MSF model with both the transverse
orientation and the longitudinal orientation to experimental data. The difference in the
two directions is due to the different grain sizes, particle sizes, yield stresses, and cyclic
hardening behavior. All of the other material constants were consistent for both
orientation. This is important because it illustrates the sensitivity of the MSF model to
capture the effects of microstructural influences on fatigue life. In this particular case,
the fatigue life was found to be most sensitive to cyclic hardening parameters related to
incubation where the greater the cyclic hardening, the longer the fatigue life. Table 3
summarizes the values for the microstructural quantities and mechanical properties.
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Table 3 Material properties and microstructural information for extruded AZ61
magnesium alloy in both the longitudinal and the transverse orientation.

Transverse
Longitudinal

MPa
85
180

MPa
320
280

GS µm
48.4
37.3

PT µm
15.3
18.7

K’
350
300

n’
0.08
0.06

Figure 13 MSF model total life and incubation life comparison with experimental data
for extruded AZ61 magnesium alloy.
Figure 14 depicts the monotonic stress strain behavior compared to the cyclic
stress-strain behavior calculated via companion samples [Bannantine et al, 1990].
Maximum tensile stress of the stabilized hysteresis loops was plotted against their
respective applied strain amplitudes. Cyclic strain hardening is shown for both the
longitudinal and transverse orientations. Cyclic hardening affects the incubation fatigue
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life by determining the local plastic zone size due to presence of the inclusion. Thus, the
differences of the cyclic yield of the two orientations leads to differing local strain fields
at the Al-Mn particles responsible for incubating the fatigue cracks.

Figure 14 Monotonic tensile stress versus strain behavior and cyclic stress versus strain
behavior for fully reversed experiments at half lifetime for an extruded AZ61
magnesium alloy in the transverse and longitudinal material orientations.
In an attempt to capture the stochastic nature of the fatigue data, the maximum
and minimum particle sizes were employed to obtain error bands for the longitudinal
(Figure 15a) and transverse (Figure 15b) directions. In the longitudinal direction, a
maximum particle size of 26.4 µm and a minimum of 11 µm were the parameters altered
to obtain the bounds of the MSF model for the longitudinal direction. A maximum and
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minimum particle size of 22 µm and 8.6 µm respectively were used for the transverse
orientation bounds. The choices for the selection of the model upper and lower bounds
were based on the extreme observable particle sizes taken from the optical analysis and
represents the variation of the microstructure. As illustrated in Figure 15, the model
captures the upper bounds and lower of the fatigue results, which demonstrates the
robustness of the combination of incubation and small crack growth of the MSF model as
influenced by varying microstructural features.
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(a)

(b)

Figure 15 Upper and lower bounds for the MSF model for the (a) longitudinal and (b)
transverse directions. These bounds were developed by only varying the
particle size by the maximum and minimum of that found on the fracture
surfaces.
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CHAPTER V
CONCLUSIONS

The monotonic and cyclic behavior of extruded AZ61 magnesium alloy was
quantified along with the microstructural characteristics that drove the uncertainty in the
mechanical responses. Further, the MultiStage Fatigue (MSF) model was used to capture
the strain-life behavior and illustrate the structure-property relationships. The following
conclusions were realized from this study.


Monotonic tensile tests revealed a difference in yield strength between the
longitudinal (180 MPa) and transverse (85 MPa) directions. The transverse
orientation showed a lower yield strength due to low critical resolved shear stress
(CRSS) basal slip activation as the tensile load on the c-axis initiated twinning.
The longitudinal orientation deformation was mostly accommodated by prismatic
slip, which had a higher CRSS and therefore higher stresses before yielding.



Compressive twinning/detwinning was observed in the longitudinal hysteresis
loops due to a tensile stress being induced along the c-axis under compressive
loading.

Conversely,

the

transverse

hysteresis

loops

showed

tensile

twinning/detwinning. Both orientations had a significant Bauschinger effect and
were both symmetric and stabilized at the half-life.


Fatigue cracks initiated from fractured particles near the free surface.
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Differences in the longitudinal and transverse orientations were observed on the
number of cycles to failure in the high cycle fatigue regime. The longitudinal
orientation exhibited greater fatigue resistance compare to the transverse
oreinetation.



The MSF model incorporated the differences in grain orientation, grain sizes,
particle sizes, and cyclic hardening parameters in order to capture the differences
in the longitudinal and transverse fatigue behavior of an extruded AZ61
magnesium alloy. We note that the other material constants were not changed for
the incubation and MSC regimes. Also, the MSF model captured the upper and
lower bounds on the strain-life curve by simple employing the maximum and
minimum particle sizes found in the as-received material. Thus, illustrating the
effects of the microstructural content on the fatigue properties.
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